The preservation of cognitive abilities with aging is a priority both for individuals and nations given the aging populations of many countries. Recently the gut microbiome has been identified as a new territory to explore in relation to cognition. Experiments using rodents have identified a link between the gut microbiome and cognitive function, particularly that low microbial diversity leads to poor cognition function. Similar studies in humans could identify novel targets to encourage healthy cognition in an aging population. Here, we investigate the association of gut microbiota and cognitive function in a human cohort considering the influence of physical frailty. We analyzed 16S rRNA gene sequence data, derived from fecal samples obtained from 1,551 individuals over the age of 40. Cognitive data was collected using four cognitive tests: verbal fluency (n = 1,368), Deary-Liewald Reaction Time Test (DLRT; n = 873), Mini Mental State Examination (recall; n = 1,374) and Paired Associates Learning from the Cambridge Neuropsychological Test Automated Battery (CANTAB-PAL; n = 405). We use mixed effects models to identify associations with alpha diversity, operational taxonomic units (OTUs) and taxa and performed further analyses adjusting for physical frailty. We then repeated the analyses in a subset of individuals with dietary data, also excluding those using medications shown to influence gut microbiome composition. DLRT and verbal fluency were negatively associated with alpha diversity of the gut microbiota (FalseDiscovery Rate, FDR, p < 0.05). However, when considering frailty as a covariate, only associations between the DLRT and diversity measures remained. Repeating analyses excluding Proton pump inhibitor (PPI) and antibiotic users and accounting for diet, we similarly observe significant negative associations between the DLRT and alpha diversity measures and a further negative association between DLRT and the abundance of the order Burkholderiales that remains significant after adjusting for host frailty. This highlights the importance of considering concurrent differences in physical health in studies of cognitive performance and suggests that physical health has a relatively larger association with the gut microbiome. However, the frailty independent cognitive-gut microbiota associations that were observed might represent important targets for further research, with potential for use in diagnostic surveillance in cognitive aging and interventions to improve vitality.
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INTRODUCTION
Cognitive dysfunction in an aging population is a rising clinical and social concern, which has been described as ''the elephant in the room'' (Brayne, 2007) . Cognitive traits particularly vulnerable to the effects of age are so-called ''fluid'' abilities such as fluency, speed of processing and memory. Changes occur across the population and are not confined to individuals diagnosed as having dementia (Albert et al., 1995; Chyou et al., 1996; Comijs et al., 2004; Schaie et al., 2004; Baltes et al., 2006) . A small shift in the population's overall trajectory of cognitive aging would potentially have effects at many levels-including reducing numbers crossing the threshold to dementia.
The assessment of frailty has shown to improve the clinical and research approach to cognitive disorders (Canevelli et al., 2017; Yu et al., 2018) . Frailty is a condition characterized by a diminishment of an individual's homeostatic reserves, leading to an increased vulnerability to exogenous and endogenous stressors (Coelho et al., 2015) . Studies have shown gait speed and physical manifestations of the frailty syndrome to have a strong association with cognitive decline and dementia (Nyunt et al., 2017) . For example, significant weight loss has shown to precede the onset of Alzheimer's disease (AD; Cova et al., 2016) . Poor grip strength, and diminished motor performance are associated with cognitive decline and a lessened risk of mild cognitive impairment (MCI), and conversion of MCI to AD (Kluger et al., 1997; Auyeung et al., 2008; Coelho et al., 2015) . Low levels of physical activity are also associated with cognitive impairment (Searle and Rockwood, 2015; Steves et al., 2016) . Despite its clinical relevance, the concept of physical frailty (weight loss, exhaustion, weaknesses, low gait speed and low physical activity) is rarely adopted in neurological settings and, in particular, in the field of cognitive disorders, which instead tends to focus on purely cognitive frailty as reduced cognitive reserve (Woods et al., 2013; Khezrian et al., 2017) .
There is an urgent need to disentangle the complex network of pathophysiological mechanisms potentially affecting both cognition and individual vulnerability and resilience.
Amounting evidence links prolonged inflammation to cognitive disorders and dementia risk (Sartori et al., 2012; Vida et al., 2018) . In older women, strength training has shown to decrease levels inflammation and to further improve cognitive scores (Chupel et al., 2017) . Increasing and persistent levels of inflammation are associated with neurodegeneration and impaired neurogenesis (Delaby et al., 2015) . Over the last few years, it has become widely accepted that the gut microbiome, the collective genome of commensal organisms in our gut, has important role in influencing inflammatory responses. The gut acts, not only as our largest interface with microbes and antigens, but also as the training ground for the immune system (Balzola et al., 2011; Levy and Borenstein, 2014 ). An imbalance to the structure of complex commensal communities in the gut microbiota has been postulated to increase pathogenic inflammatory mediators linked to range of health problems including cognitive health (Petersen and Round, 2014; Rogers et al., 2016) .
Recent studies have made associations between gut microbiome and neurological disorders in animal models (Moos et al., 2016) , particularly in rodents (Balzola et al., 2011; Bercik et al., 2011) , including germ-free (GF) mice (Stilling et al., 2014) . The gut-brain axis exists as a bidirectional relationship between the central and the enteric nervous system, linking together both emotional and cognitive functional areas of the brain with peripheral intestinal functions (Carabotti et al., 2015; Dinan and Cryan, 2017) . Importantly, gut bacteria have been shown to alter host blood brain barrier integrity and thereby brain vulnerability to the influx of deleterious substances from circulation (Braniste et al., 2014) . Diets high in saturated fat and added sugars target gut microbiota and alter endotoxin levels, which have been implicated in neuroinflammation, microglial activation and hippocampal vulnerability (Segain et al., 2000; Puig et al., 2012; Noble et al., 2017) .
Animal models can only take us so far, as the gut microbiome is substantially different from species to species (Hugenholtz and de Vos, 2018) . Some human studies have supported extrapolations from animal literature that the microbiome may be influential in human neurological processes. Altered diversity levels and a number of taxa have shown to be associated with autism (Finegold et al., 2002; De Angelis et al., 2013; Kang et al., 2013) , multiple sclerosis (Chen et al., 2016; Jangi et al., 2016) and Parkinson's disease (Scheperjans et al., 2015) . These studies mostly compare small numbers of cases to healthy controls.
Very few studies have reported on association between the gastrointestinal microbiome and memory and cognition in adults. Recently, gut microbiota diversity, and some taxa were found to be reduced in 25 AD patients (characterized with Aβ 42 /Aβ 40 CSF markers) compared to 94 healthy controls (Vogt et al., 2017) . The common commensal Faecalibacterium prausnitzii positively associated and the Enterobacteriaceae family negatively associated with cognitive function in hepatic encephalopathy (Bajaj et al., 2012) . In an elderly sample of dependent individuals, gut microbiome patterns associated with cognitive impairment measured using the Mini-Mental State Examination (MMSE; Claesson et al., 2012) . However, all these studies may partly be confounded by overall health deficits (frailty), institutional dwelling, and altered diet in later stages of disease (Canevelli et al., 2017) . In view of the substantial prodrome before dementia is realized, it is important that studies of the effect of the microbiome start early enough to establish the direction of any temporal association with cognitive decline. Moreover, the specific taxa identified have been similarly associated with frailty (van Tongeren et al., 2005; Claesson et al., 2012; Jackson et al., 2016c) and may have anti-inflammatory effect in rodents (Sokol et al., 2008; Miquel et al., 2015) .
In an aging community dwelling cohort, we aimed to investigate the relationship between gut microbiome and cognitive ability. We hypothesized a reduction in microbiota diversity will be associated with poor cognitive function using cognitive domains associated with aging-speed, fluency and memory. We also hypothesized that this relationship between microbiota and cognition will be confounded by physical frailty.
MATERIALS AND METHODS

Gut Microbiome Profiling
Fecal sampling, DNA extraction, and 16S rRNA gene sequencing was undertaken from n = 1,551 largely female (90%) members of the TwinsUK British twin cohort aged over 40 years (mean age 63, ranging 40-89), as part of an observational study of the human gut microbiome (Goodrich et al., 2016) . Participants were unselected and community dwelling (Moayyeri et al., 2013; Steves et al., 2013) . No patients had a current diagnosis of dementia. Metadata such as age and body mass index (BMI) were collected at the time of visit.
Chimeric sequences within the 16S rRNA gene sequencing data were removed using UCHIME (Edgar et al., 2011) and de novo sequences picked using Sumaclust in QIIME at a threshold of 97% (Jackson et al., 2016a) , generating >1,000,000 operational taxonomic units (OTUs). Samples with less than 10,000 reads were excluded. Taxonomy was assigned to OTU representative sequences using UCLUST and the Greengenes 13_8 97% reference set. Counts were converted to relative abundance and log10 transformed following the addition of 0.000001 to account for 0 counts. OTU counts were also collapsed to taxonomic abundances between phylum and genus and similarly converted to relative abundances and log transformed as for OTUs.
The samples in this study were selected from a wider set of over 2000 samples, collection and storage methods are previously described (Goodrich et al., 2016) . The OTUs and taxonomic summaries were subset to only those found in at least 50% of the samples in the study. These were selected for analysis as they are less sparse and hence more amenable to regression analysis (Goodrich et al., 2014) . This resulted in 286 OTUs, 56 genera, 33 families, 16 orders, 13 classes and 8 phyla considered for analysis. Alpha diversity was calculated for each sample from the raw OTU tables using the alpha_diversity.py script in QIIME using four metrics, Shannon diversity, Chao1, Phylogenetic Diversity and number of unique OTUs.
Cognitive Measures
To acknowledge the complexity and variation that occurs with cognitive traits, we used four different clinically validated measures of cognitive function: verbal Fluency Test, DearyLiewald Reaction Time Test (DLRT) and Mini Mental State Examination (MMSE) and Cambridge Neuropsychological Test Automated Battery-Paired-Associated Learning Test (CANTAB-PAL). These cognitive data constitute all the cognitive measures collected during the routine TwinsUK cohort clinical visits between 2013 and 2016 and were matched to the nearest collected fecal sample.
Verbal Fluency
Processes involving language expression (such as naming, word finding and fluency) are a part of a normal and healthy neurocognitive operation (American Psychiatric Association, 2013) . Verbal fluency is used in clinical evaluation to support diagnosis of cognitive impairment in persons with neurodegenerative diseases. Here, we assess verbal fluency in the TwinsUK cohort using the phonemic and semantic tests from the Addenbrookes Cognitive Examination III (ACEIII; Hsieh et al., 2013) . The scoring used was the ACEIII total score out of 14. In models of the verbal fluency score, a reflected root transformation was used to account for negative skewing.
Deary-Liewald Reaction Time (Four Choice)
Reaction times capture the processing speed in decision-making and motor planning needed for higher-level cognitive functions (Wong et al., 2015) . Such processes are subject to age-related cognitive decline. Subjects completed a computerized four choice reaction time task requiring subjects to make the appropriate response to one of four stimuli in the quickest time possible (Deary et al., 2011) . The DLRT response time was normally distributed and required no transformation.
MMSE Recall
MMSE are designed to give a cross-sectional snapshot of a subject's mental state in order to aid the diagnosis of dementia and other psychiatric disorders (Cockrell and Folstein, 1988) . The MMSE is a 30-point questionnaire commonly used as a health screen that estimates the severity and progression of cognitive impairments and follows the course of cognitive changes in an individual (Tombaugh and McIntyre, 1992) . Within this non-demented cohort, total MMSE was insufficiently variant, whereas part of the MMSE requiring the participant to recall three words after distraction, showed variance amenable to testing. We used this recall score (0-3) as a measure of memory function. Prior to modeling, the score was reflected root transformed as for verbal fluency, as it was similarly skewed.
CANTAB-PAL
The CANTAB includes sensitive, precise and objective measures of cognitive function that correlate to neural networks. We used the CANTAB-PAL test which assesses visual memory and new learning of shapes and location. Errors in learning the presentation of eight shapes in eight locations are counted and adjusted where the participant fails to complete the 8-shape task. This measure is of particular interest because of its ability to predict conversion from MCI to clinical dementia (Fowler et al., 1997; Blackwell et al., 2004) , and predict cognitive decline (De Jager et al., 2005) . For models we square root transformed the adjusted number of errors to account for its positive skew.
Frailty
We used a 1-5 scale derived from the Fried phenotype which has five components: unintentional weight loss, self-reported exhaustion, weakness (grip strength), walking speed and physical activity, using standard methodology (Fried et al., 2001) . Each subject was assigned a score ranging from 0 to 5 which we modeled as a continuous variable using the square root transformation due to positive skewing.
Phenotype Associations With Covariates
Linear models were used to assess the significance of associations between each of the covariates with age, frailty and BMI. All statistical analysis was undertaken in R using the lm command (R Core Team, 2017) . Variables were modeled as continuous with transformations. The direction of associations was visualized with fitted linear models using the geom_smooth command of ggplot2 within R.
Association Analyses
Linear mixed effects models were used for all association analyses using the lme4 package in R (Bates et al., 2015) . Models were run to investigate associations between microbiome variables at each level (alpha, OTUs and subsequent taxonomic levels). Microbiome traits were modeled as the dependent variable. Independent variables included the random effects of sequencing run, sample collection method (in person or by post), gender, family and relatedness (a variable encoded the same for MZ twin pairs and unique for DZ twins), sequencing depth was also included as a fixed effect to account for variability in read sampling between individuals. These models were also created including one of the four cognition variables as a fixed independent continuous variable. The models with and without the cognitive variable were then compared using the analysis of variance (ANOVA) function in R returning a p-value representing the significance of the difference between the nested models. Models were repeated to include the Fried frailty score as a covariate to account for physical frailty. These models (both with and without frailty) were carried out for all microbiome measures, for all four cognitive measures. All continuous fixed effects and dependent variables were scaled prior to modeling using the scale function. The reported p-values before and after frailty adjustment were corrected for multiple testing using the falsediscovery rate (FDR) method (Benjamini and Hochberg, 1995) with the p.adjust command in R considering significance where corrected p < 0.05. Multiple testing corrections were made at the levels of microbiome measure type and phenotype, for instance adjusting for all the OTU level tests for verbal fluency.
Medication and Dietary Effects
PPIs, antibiotics and diet are known to have a large effect on the gut microbiota and were well characterized within our cohort (Jakobsson et al., 2010; Wu et al., 2011; Jackson et al., 2016b) . The cognitive outcome models were repeated considering these variables as potential confounders. PPI use was scored from self-reported prescription medication data taken from various questionnaires and considered positive if PPI use was reported at any point as described previously (Jackson et al., 2016b) . Antibiotic use was scored based on self-reported use in the month prior to fecal sample collection. Dietary information was derived from food frequency questionnaire data (FFQ) collected following EPIC-Norfolk guidelines (EPIC-Norfolk Nutritional Methods: Food Frequency Questionnaire, 2014), and used to create the Healthy Eating Index (HEI; Guenther et al., 2013) and has been validated previously within this cohort . The data were subset to individuals with complete PPI, antibiotic and HEI data, further excluding individuals who reported taking PPIs or antibiotics. Modeling of cognitive measures was then repeated in this subset using the scaled HEI as a fixed effect to account for diet.
Microbiome Associations With Physical Frailty
To contrast the relative breadth of microbiota associations with physical frailty as opposed to cognitive performance, we repeated the analysis with the Fried score in place of cognitive measures in turn. In this instance modeling used the full dataset (i.e., not subset by drug use and dietary data).
RESULTS
Sub-setting the TwinsUK gut microbiome dataset to individuals with complete data on age, BMI, Fried frailty, and at least one of the four cognitive measures considered (verbal fluency, DLRT, MMSE Recall, CANTAB-PAL; Table 1 ). Average scores were 12.14 on the verbal fluency (out of 14), 575 ms on the DLRT test, 2.58 in the MMSE recall test (out of 3, with a mean score of 29 across the whole MMSE), and 3.32 errors in the CANTAB-PAL test.
We assessed the associations between each cognitive phenotype and age and BMI (Figure 1) . The CANTAB-PAL score was significantly associated with age but not BMI as was the DLRT. Both the MMSE recall and verbal fluency significantly associated with both BMI and age.
Investigating the associations between the cognitive measures and frailty (Figure 2) , only DLRT and verbal fluency were significantly associated.
Cognitive Associations With Gut Microbiota
We carried out association analyses with gut microbiome traits, including four measures of alpha diversity, relative abundances of OTUs and taxonomic levels from genus through to phylum (in total, 416 microbiome traits; Supplementary Table S1) . From these, we observed six FDR-significant associations after correcting for multiple testing (p < 0.05; Table 2 ). Three were negative associations between the DLRT and measures of alpha diversity including Chao1, phylogenetic diversity and OTU count. The other three significant associations were observed Frontiers in Aging Neuroscience | www.frontiersin.orgFIGURE 2 | Frailty associations with cognitive phenotypes. Shown are plots of the cognitive measure scores against an individual's frailty as measure by the Fried index. Fitted lines were made using the geom_smooth command in ggplot2 within R using the "lm" method.
with verbal fluency. These were negative associations with the Shannon index and the Mollicutes class of bacteria, and a positive association with the class Bacilli. However, after adjustment for frailty using the Fried score, only associations between the DLRT and alpha diversity measures remained significant. In summary, the only significant observations after adjustment for frailty were lower microbiota alpha diversities associated with longer reaction times as measured by the DLRT.
Cognitive Associations With Gut Microbiota Considering PPI and Antibiotic Use and Diet
A range of factors, including medication use and diet, can influence the gut microbiome (Jackson et al., 2016b) . We repeated the association analyses for all four cognitive measures, excluding individuals who reported taking PPIs or antibiotics and including a dietary index (the HEI) as a covariate. In these more limited subsets (verbal fluency n = 868, MMSE Recall n = 873, CANTAB PAL n = 274, DLRT n = 561) accounting for additional covariates, the previously observed associations between DLRT and alpha diversity measures again retained significance after adjusting for frailty (Table 3 and Supplementary Table S2 ). We also identified novel significant negative associations between DLRT and the order Burkholderiales and its class Betaproteobacteria.
Frailty Associations With Gut Microbiota
Modeling the association of frailty with all the microbiome traits and then including each of the four cognitive measures as continuous covariates independently in turn, we identified over 192 unique significant associations ( Supplementary Table S3) , covering a range of diversity, OTU and taxonomic measures. All but one of these associations remained significant when adjusting for the cognitive measures in turn. This was the association between frailty and Eubacterium that was non-significant after adjusting for verbal fluency. This highlights that association between frailty and the gut microbiota may be largely due to physical (as captured by the Fried index), as opposed to cognitive, aspects of frailty (Jackson et al., 2016c) .
DISCUSSION
Here, we presented the first study to investigate the association of gut microbiota composition with cognitive measures in a large community dwelling aging cohort. We found choice reaction time had consistent negative associations with gut microbiota alpha diversity measures across all the models considered, which remained significant when considering host frailty, PPI and antibiotic use, and diet. These results are in concordance with a recent study of AD patients, who were shown to have a reduced gut microbiome diversity compared to healthy controls (Vogt et al., 2017) . These also agree with numerous other studies of non-cognitive disorders that have found reduced alpha diversity associated with health deficits. We observed a putative association with Burkholderiales order and DLRT that was dependent on the covariates used, and so should be viewed with caution. Of interest, one other study has identified Burkholderiales to differ in abundance in relation to neurological health, specifically Attention-deficit/Hyperactivity Disorder (ADHD) in comparison to a healthy control group (Akram, 2017) . This may be relevant as cognitive impairment is found in ADHD, including (but not limited to) executive function and reaction time speed (Ivanchak et al., 2012; Sjöwall et al., 2013) .
Association was seen between Verbal Fluency and Shannon diversity in the expected direction (higher fluency ability: higher microbiota diversity) however this was not significant after adjustment for the Fried score, suggesting confounding by physical frailty. Similarly, the associations observed between Verbal Fluency and Bacilli (lower relative abundance in cognitive deficit) and Mollicutes (lower in deficit) were only significant without considering host frailty. These results and the higher number of gut microbiota associations that we observed with frailty in comparison to cognitive measures (Supplementary  Table S3 ), highlight the need for cognition-microbiome studies to incorporate physical health measures to separate the close links between cognitive and physical health. Muscle fitness has been shown to predict age-related changes in cognitive performance (Steves et al., 2016) and exercise interventions can improve cognition in older adults (Northey et al., 2018) . The cognitive pathways that coordinate gait speed and grip strength include motor pathways and the motor cortex (Forssberg, 1999) . However, we consider over-adjustment unlikely here as associations found with the cognitive task with the most reliance on motor function (DLRT) were not diminished by adjusting for frailty. The lesser effects observed with the other cognitive measures may also be due to reaction time being a more relevant measure of cognitive ability vis-à-vis the microbiome, further studies using alternate measures are warranted.
Diet, antibiotics and medication usage have shown to impact the microbiome (Jakobsson et al., 2010; Wu et al., 2011; Forslund et al., 2015; Jackson et al., 2016b) . We found PPI, antibiotics and diet, as captured by the summary measure used here, were not responsible for the main association between reaction time and taxonomic diversity of the gut microbiota. Whilst these factors are major influences, they are not the only ones that could be considered. For instance, metformin, neuroleptic and opiate use has previously been associated with gut microbiota composition and there may be further medications and environmental influences that have not been considered (Flowers et al., 2017; Wu et al., 2017; Wang et al., 2018) . Similarly, co-morbidities such as hypertension or type 2 diabetes that might be associated with both cognitive decline and gut microbiota composition (Zhang and Zhang, 2013; PevsnerFischer et al., 2017) , and were not directly included in the models presented here. There is a strong correlation between Fried frailty and co-morbidity indexes however, both in our dataset (Livshits et al., 2018) and others (Rockwood et al., 2005) . A comparison of two approaches to measuring frailty in elderly people, which means that most of the variance in microbiome attributable to co-morbidities is likely to be accounted for in the frailty adjusted models. Further studies, more tailored to address the questions of specific influences, will be required to probe the specificity of these associations. Additionally, bowel movements and stool consistency was not recorded within this study, and can influence gut microbiota richness, composition, enterotypes and bacterial growth rates (Tigchelaar et al., 2016; Vandeputte et al., 2016) . Future studies should capture such measures, for instance using the Bristol Stool Chart, at the time of sample collection.
This study was also limited by the demographics of the twin cohort which, because of the previous research focus of the cohort, consists mainly of women, of middling socio-economic status and education typical of a volunteer group (Moayyeri et al., 2013; Steves et al., 2013) . Correspondingly there may be a ''healthy volunteer'' bias. A small study in 39 men and 36 women showed differences in gut microbiota by gender, however these were highly influenced by BMI which we corrected for in our study. Nevertheless, it will beneficial to replicate our findings in a balanced cohort (Haro et al., 2016) . The lack of associations with less sensitive cognitive measures such as the MMSE in our study could reflect the comparatively healthy nature of the cohort-alterations of gut microbiota composition may be enhanced in subjects with more severe alterations on neuropsychological tests or with an established diagnosis of mild cognitive impairment or dementia. However, positive findings in this study could indicate that gut microbiota is altered very early in the physiopathological process leading to cognitive impairment or dementia. Additionally, studies in more cognitively impaired groups could be more confounded by changes in physical health, diet and other lifestyle aspects as a consequence of impairment. Following individuals in longitudinal population-based studies and allowing cognitive decline to be quantified relative to individual's baselines could in part address this. Longitudinal studies would also enable determination of the role of temporal variation in the gut microbiome and inference of the direction of causality between cognition-microbiome associations. Longitudinal cognitive aging and microbial assessments are planned within the TwinsUK cohort. Such future studies in this and other cohorts, would also benefit from the use of shotgun metagenomic sequencing, in place of 16S rRNA gene profiling as used here, which would uncover if gut microbiome functionality were associated with cognitive decline. In addition, measures of blood inflammatory markers could help disentangle the mechanisms that link gut microbiota with cognitive performance (Noble et al., 2017) . Future studies could focus on obtaining potential inflammatory measures at similar time points of fecal collection.
In this study, we cannot determine whether cognitive ability and frailty are the cause, consequence or bystanders of differences in gut microbiota diversity and composition. However, the observed changes in the gut microbiome warrant further investigation as to whether they represent modifiable entities which could contribute to cognitive health. Should this be the case, maintenance or improvement of gut microbiota diversity could be a target to encourage cognitive health in aging, through dietary interventions to influence gut microbiota diversity (David et al., 2014; Carmody et al., 2015) .
In conclusion, this is the first human study that links cognitive performance to gut microbiome in community dwelling ageing adults. Our research highlights the importance role of physical frailty when investigating cognitive performance. Although the causal direction between cognition and the composition of the gut microbiota remains unknown, we believe this study provides motivation for further investigations, and provides encouragement for translatable possibilities, such as dietary interventions aimed at ameliorating cognitive impairment in older adults.
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